Effective refractive index of disordered all-dielectric metasurfaces consisting of gallium phosphide (GaP) spheres is studied by means of three-dimensional finite-difference time-domain (FDTD) simulations at the wavelength of 532 nm. It is shown that a mixture of the high index nanoparticles with sizes close to the first magnetic and electric resonances randomly dispersed on metasurface may possess negative refraction. The dependence of the metasurface effective refractive index on the nanoparticle concentration and size is constructed. The feasibility of negative refraction at large concentrations of the high index resonant spheres is demonstrated.
In recent years, the research in all-dielectric resonant nanophotonics is a rapidly developing. The all-dielectric photonic nanostructures offer a significant advantage over plasmonic structures due to low losses. The all-dielectric metamaterials with the negative effective index of the refraction were proposed in the early 2000s mainly for the terahertz range. Initially, the all-dielectric metamaterials were predicted theoretically [1] [2] [3] with the use of Lewin's [4] or similar expressions for the effective properties of an ordered array of spherical particles embedded in a matrix. Subsequently, the alldielectric nanostructures with negative refraction were realized experimentally [5] [6] [7] . In the past few years, the dielectric metasurfaces with negative refraction have been experimentally implemented. These metasurfaces are realized as regular lattices of the scattering elements with subwavelength sizes. Currently, the shape and size of the high index particles can be precisely controlled [8] . However, precious positioning of these elements is not an easy task. Whereas, manufacturing the metasurfaces of randomly arranged scatters is a much simpler process. Currently, the disordered metasurfaces are shown to enhance the lens resolution at visible wavelengths because of wavefront shaping [9, 10] . The modeling of random metasurfaces of GaP spheres near Mie resonances exhibit enormous optical Kerr effect due to field concentration [11] . In this work, the possibility of realization of the disordered all-dielectric resonant high index metasurfaces with the negative refraction of visible light is demonstrated by numeric modeling.
The refractive index of metasurfaces was retrieved with a method proposed in Ref. [12] . This method is based on calculating the phase change of the Gaussian beam transmitted through the studied sample. Initially, the technique is elaborated for obtaining the nonlinear refractive index but it can be utilized for the evaluation of the real part of the linear index of refraction n. At present, the effective permittivity and permeability are usually derived from the complex reflection and transmission coefficients (S parameters) [13] . To obtain the similar accuracy of n, the method based on the calculation of the S parameters requires approximately twice the computational domain compared to that used in Ref. [12] . Moreover, the error of restoration of the effective extinction coefficient of GaP nanocomposite using S parameters always ex- * Electronic mail: panov@iacp.dvo.ru ceeds the estimated value owing to low GaP extinction coefficient in the visible range. Hence, the method established in Ref. [13] gives no benefits over the computation of the transmitted Gaussian beam phase change. The size of the computational domain for the three-dimensional FDTD simulations was 4 × 4 × 30 µm with the space resolution of 5 nm. The radius w 0 at the Gaussian beam waist was 1.1 µm. These parameters made it possible to calculate with a good degree of accuracy the refractive index of the high index metasurfaces.
The gallium phosphide (GaP) was selected for modeling high index inclusions in the present study as this material has a moderately low extinction coefficient in the visible range. According to Ref. [14] , at wavelength λ = 532 nm the complex refractive index of GaP is n + iκ = 3.49 + 0.0026i. The studied samples represent the separated GaP spheres randomly arranged on plane and surrounded by air. The simulated Gaussian beam falls at normal incidence on the metasurface.
Subwavelength dielectric spheres with the high refractive index at Mie resonances support modes with the selfmaintaining oscillations of the electric and magnetic fields [15] . The first resonance with the lowest size of dielectric particles with relative permittivity ε > 0 is a magnetic dipole resonance which is most pronounced. The magnetic dipole and quadrupole Mie resonances for the standalone GaP spheres at the wavelength of 532 nm exist at the radii of r = 76.1 and 108.9 nm, the first electric resonance is expected at r = 100.0 nm [15] . Fig. 1 depicts the dependence of the refractive index of a disordered metasurface with GaP spheres equal in size. As can be seen, this dependence is non-monotonic since the first magnetic and electric Mie resonances result in dips of the curve. The sizes for these resonances are approximately equal to those predicted by Mie theory. Alternatively, in a periodic lattice of the particles with the large volume fraction of inclusions, the resonance sizes may be changed substantially (see, e.g. [16] ). The main reason for this is interparticle interactions at large concentrations of the inclusions. There exist ranges of particle sizes just above the magnetic resonances with negative effective magnetic permeability µ eff . In a similar manner, effective electric permittivity ε eff of the spheres with diameters slightly higher than the size of the electric dipole resonance is below zero. The all-dielectric metamaterials with negative refraction are designed by combining both resonances in one medium.
Further, the random metasurface consisting of equal num- area which is close to maximum packing of randomly positioned spheres. It should be emphasized that there is a range of radii of the spheres of the second type above the magnetic dipole resonance (77-80 nm) with negative n eff . Thus, the mixture of the high index spheres with sizes close to electric and magnetic Mie resonances may possess n eff < 0. Fig. 3 illustrates n eff of the disordered metasurface comprising the equal numbers of GaP spheres of two radii (77 and 101 nm) as a function of volume fraction of the particles f . At low concentrations of GaP spheres, n eff tends to unity. Then with growth in f , the effective index gradually decreases and becomes negative approximately at f = 20%. Further, n eff is negative reaching the lowest value about −0.40. This behavior is similar to a phase transition from random scattering on rare particles to the metamaterial based on Mie resonances. Before, Felbacq and Bouchitté [17] demonstrated the possibility of the negative refraction in two-dimensional random photonic crystals consisting of square rods with permittivity ε = 200 + 5i, but such material is impossible for visible wavelengths. As shown in Ref. [17] , the disorder on the position of the rods does not suppress the negative refraction. To compare with results presented in Fig. 3 , the computed magnitudes of n eff for square lattices consisting of two sublattices with GaP spheres with the radii of 77 and 101 nm are given in Tab. I. As is obvious, the values of n eff for square lattices are higher than that of the random metasurface. In other words, the disordered metasurfaces allow one to obtain the lower values of negative refraction with respect to lattices. Fig. 4 depicts the dependence of the effective refractive index of the disordered nanocomposite on its thickness when the volume fraction of the particles is fixed ( f = 20.5 %). There is a range of thicknesses (250-380 nm) when it is not possible to realize the composite with this volume fraction. This range becomes wider for higher volume fractions. The effective refractive index showed a tendency to increase with the thickness of the nanocomposite. The negative values of n eff are exhibited only when the thickness of the nanocomposite is close to one monolayer (202 nm).
In particular, by varying the concentration of the nanoparticles on the metasurface, it is possible to design the metasurfaces with different values of the refractive index. For example, all-dielectric zero index metamaterial can be realized. Currently, zero index metamaterials have attracted much interest of researchers [18, 19] . The use of disordered metasurfaces is expected to simplify the fabrication process of metamaterials with tailored optical properties.
In conclusion, the effective refractive index of random GaP metasurface is numerically studied as a function of the high index particle size and concentration. It is shown that the disordered mixture of the spheres with sizes close to the first magnetic and electric resonances has negative index of refraction in the visible range at large volume fractions of the nanoparticles. Only the monolayer metasurface is demonstrated to possess the negative refractive index. The random high index metasurfaces allows one to achieve lower values of the negative refractive index as compared to that of the ordered square lattices.
The results were obtained with the use of IACP FEB RAS Shared Resource Center "Far Eastern Computing Resource" equipment (https://www.cc.dvo.ru).
